We previously identified missense mutations in the U2AF1 splicing factor affecting codons S34 (S34F and S34Y) or Q157 (Q157R and Q157P) in 11% of the patients with de novo myelodysplastic syndrome (MDS). Although the role of U2AF1 as an accessory factor in the U2 snRNP is well established, it is not yet clear how these mutations affect splicing or contribute to MDS pathophysiology. We analyzed splice junctions in RNA-seq data generated from transfected CD34+ hematopoietic cells and found significant differences in the abundance of known and novel junctions in samples expressing mutant U2AF1 (S34F). For selected transcripts, splicing alterations detected by RNA-seq were confirmed by analysis of primary de novo MDS patient samples. These effects were not due to impaired U2AF1 (S34F) localization as it co-localized normally with U2AF2 within nuclear speckles. We further found evidence in the RNA-seq data for decreased affinity of U2AF1 (S34F) for uridine (relative to cytidine) at the e-3 position immediately upstream of the splice acceptor site and corroborated this finding using affinity-binding assays. These data suggest that the S34F mutation alters U2AF1 function in the context of specific RNA sequences, leading to aberrant alternative splicing of target genes, some of which may be relevant for MDS pathogenesis.
INTRODUCTION
Recent studies have revealed that core spliceosome components are targets of recurrent mutation in a variety of hematopoietic malignancies. Splicing factor mutations, particularly in SF3B1, U2AF1 and SRSF2, are present in approximately 50% of myelodysplastic syndrome (MDS) cases, making them the most common class of mutations in this disease. [1] [2] [3] [4] [5] [6] These mutations are also common in acute myeloid leukemia (AML), occurring with a frequency of~14%, 7 and SF3B1 is the second most frequently mutated gene in chronic lymphocytic leukemia. [8] [9] [10] U2AF1 encodes the 35-kDa auxiliary factor for the U2 pre-mRNA splicing complex and recognizes the 3′ AG dinucleotide at the splice acceptor site in a pre-mRNA intron. 11, 12 U2AF1 has four domains: a U2AF homology motif, two zinc finger (ZnF) domains, and an arginine-serine (RS) domain. 13 U2AF1 heterodimerizes with U2AF2 through its U2AF homology motif domain, 13, 14 and U2AF2 in turn binds the pre-mRNA as a complex with SF1. 15 This U2AF1 interaction leads to the recruitment and stabilization of U2AF binding to degenerate pre-mRNA polypyrimidine (Py) tracts. 16 U2AF1 also interacts directly with serine-arginine (SR) splice factors SRSF1 and SRSF2 17 and interacts either directly or indirectly with other factors during spliceosome assembly. 18 Eleven distinct mutations have been reported in U2AF1, including nine missense mutations (resulting in A26V, S34F/Y, R35L, R156H/Q, Q157P/R or G213A substitutions) and two frameshift mutations (affecting codons Q157 or E159). 1, 2, 6, [19] [20] [21] [22] Most of these mutations occur within the two ZnF domains of U2AF1, with S34 and Q157 being the most commonly mutated residues. In our previous analysis in MDS, the S34F substitution was the most common (66.7%), followed by Q157P (16.7%), S34Y (11%) and Q157R (5.6%) out of the 18 total U2AF1 mutations. 1, 22 We previously reported that mutant U2AF1 (S34F) causes increased exon skipping and cryptic/alternative splice site utilization in minigene assays. 1 In addition, other groups have observed differential splicing resulting from exon inclusion and skipping in AML patient samples with S34F (n = 4) or S34Y (n = 2) mutations. 20 Overexpression of U2AF1 (S34F) suppresses growth and proliferation and increases the rate of apoptosis in HeLa cells in vitro.
2 Hematopoietic stem cells (CD34−KSL) expressing the S34F, Q157P or Q157R mutations have reduced capability to reconstitute recipient mouse bone marrow. 2 Collectively, these studies provide evidence that the S34F mutation affects not only U2AF1 function but may also alter hematopoiesis.
Although there have been attempts to understand the global impact of the S34F mutant on splicing and gene expression using transcriptome sequencing (that is, RNA-seq), the genetic heterogeneity of primary MDS and AML poses challenges for discovery of target genes, and no consistently dysregulated genes have been reported. It is also unclear what role the ZnF domains have and whether mutations in the S34 and Q157 residues possibly alter U2AF1 interactions with RNA or result in mis-localization.
We performed transcriptome sequencing on human CD34+ hematopoietic cells to assess the global impact of mutant U2AF1 on splicing and gene expression. We found that U2AF1 (S34F) affects pre-mRNA splicing of a large number of target genes, some of which are known oncogenic drivers, and preferentially skips splice acceptor sites immediately adjacent to uridine (U) at the e-3 position. We also determined the effect of the S34F substitution on sub-cellular localization and on the RNA binding specificity of U2AF1 for a representative affected splice site and U and C variants at the e-3 position. Finally, we examined the effect of a spectrum of U2AF1 mutations on splicing activity.
MATERIALS AND METHODS

RNA sequencing
Human hematopoietic mononuclear cells were separated from cord blood using density gradient centrifugation (Ficoll Paque, GE Healthcare, Pittsburgh, PA, USA). CD34+ cells were isolated from mononuclear cells using the CD34 MicroBead kit (Miltenyi Biotec, San Diego, CA, USA) on an autoMACs magnetic separator. These cells were cultured in SFEM II media (Stemcell Technologies, Vancouver, BC, Canada) supplemented with interleukin-3, stem cell factor, Fms-like tyrosine kinase 3 and thrombopoietin cytokines. Wild-type (WT) and S34F U2AF1 cDNAs were generated, as previously described, 1 and then cloned into pcDNA3.1-Ires-GFP (PIG) to create PIG-U2AF1 (WT or S34F). CD34+ cells then were transfected with PIG-U2AF1 (WT or S34F) using the Nucleofector Kit for Human CD34+ Cells (Lonza, Allendale, NJ, USA). GFP+CD34+ cells were sorted 24 h later, followed by RNA extraction using the RNeasy kit (Qiagen, Valencia, CA, USA). Ribosomal RNA was depleted (Ribozero, Epicenter, Madison, WI, USA), followed by cDNA preparation and Illumina library production. Sequencing was performed on the HiSeq2000 platform (Illumina, San Diego, CA, USA). Bioinformatics analysis of RNA-seq data is described in the Supplementary Material. Human cord blood samples and MDS patient samples were obtained with approval of the Washington University Human Studies Committee.
RNA-seq validation
Reverse transcriptase-PCR (RT-PCR) followed by gel electrophoresis was carried out using RNA isolated from independent CD34+ samples, transfected and purified as described above. RNA extraction and cDNA preparation from patient samples has been previously described. 1 Primers used for validation can be found in Supplementary Table S5 and were designed to span the splice junction such that both the canonical and alternatively spliced isoforms are amplified. Quantitative RT-PCR (qRT-PCR) to quantify mRNA expression was performed using the Taqman 2X Universal mix on the 7300 Real-Time PCR system (Applied Biosystems, Life Technologies, Grand Island, NY, USA) and analyzed using the relative quantification of comparative C T method.
RNA affinities of purified U2AF1 protein complexes
Fluorescence anisotropy changes were monitored during titration of fluorescein-labeled RNAs with purified protein complexes comprising U2AF2 (residues 85-471 at the C-terminus of NCBI RefSeq NP_001012496, isoform b) and SF1 (residues 1-255 of NCBI RefSeq NP_004621) with either WT U2AF1 (residues 1-193 of NCBI RefSeq NP_006749) or the S34F mutant. Proteins were full-length with the exception of the nonspecific U2AF RS domains and, for SF1, a proline-rich C-terminal domain. The protein complex purification is explained in Supplementary Material. The 5′-labeled fluorescein RNAs (sequences DEK-'skipped'(UAG): 5′-UAAG AAAUACUAAAUUAAUUUCUAGAAAAGAGUCUCA-3′; DEK-'skipped'-CAG: 5′-UAAGAAAUACUAAAUUAAUUUCCAGAAAAGAGUCUCA-3′; DEK-'spliced' (CAG) 5′-AAUUGUGAUUUUUUUUUUUCCCCAGGAAAGGGGCAGA-3′; DEK-'spliced'-UAG: 5′-AAUUGUGAUUUUUUUUUUUCCCUAGGAAAGGGGCAGA-3′; the three nucleotides preceding 3′ splice site junction are underlined) were synthesized and purified (ThermoScientific Dharmacon, Lafayette, CO, USA). Fluorescence anisotropy changes were measured at 520 nm following excitation at 490 nm using a Fluoromax-3 (Horiba Ltd, Kyoto, Japan) equipped with microcuvette (Starna Cells Inc., Essex, UK). An RNA stock (0.75 mM) was diluted to 25 nM, and the protein complex stocks (20 μM) were diluted to the final concentrations as shown in Supplementary Figure S5B . The protein and RNA buffer composition for the binding experiments was 25 mM HEPES pH 6.8, 150 mM NaCl, 25 μM ZnCl 2 and 1 mM TCEP. The apparent equilibrium dissociation constants were fit, as previously described. 23 
Minigene constructs and transfection
To create the MIG (MND Ires GFP)-U2AF1-Flag plasmid, U2AF1-Flag cDNA was amplified from the p3X-Flag-U2AF1 plasmid (obtained from the Kinji Ohno laboratory, Nagoya, Japan) and cloned into the MND-Ires-GFP (MIG) vector. 24 The S34F, S34Y, S34F/Q157R, Q157R and Q157P mutations were generated by site-directed mutagenesis (Life Technologies) using the WT MIG-U2AF1-Flag construct as a template. 293T cells were co-transfected with each MIG-U2AF1-Flag expression plasmid described above and with either the GH1 or FMR1 minigene reporter constructs described previously. 1, 25 GFP+ cells were sorted 48 h later, followed by RNA extraction and RT-PCR as previously described. 1 Amplicons were visualized by polyacrylamide gel electrophoresis and quantified by densitometry (ImageJ, Softonic, San Francisco, CA, USA). Three independent experiments were performed for each assay and analyzed using the Student's t-test. Lysates were made from transfected 293T cells, and immunoblotting was performed using rabbit polyclonal anti-U2AF1 antibody (Abcam, Cambridge, MA, USA) to confirm overexpression.
Sub-cellular localization
Constructs containing the S34F mutant allele were generated by sitedirected mutagenesis of p3X-Flag-U2AF1. 293T cells were transfected with either p3X-Flag-U2AF1 (WT) or p3X-Flag-U2AF1 (S34F). Twenty-four hours later, the cells were fixed in 2-4% formaldehyde-phosphate-buffered saline (PBS) for 20 min at room temperature and then washed with PBS. Cells were permeabilized with 0.5% (wt/vol) Triton X-100/PBS for 10 min and blocked with 1% goat serum/0.3%TritonX-100/PBS for 1 h. The following primary antibodies were used for fluorescence microscopy: mouse monoclonal antibodies against Smith Antigen snRNP family (Y12; Abcam) or U2AF2 (Sigma, St Louis, MO, USA) and Alexa Fluor 555-conjugated anti-mouse (Sigma) as a secondary antibody. Monoclonal antiFlag M2-FITC (Sigma) used to detect Flag-tagged U2AF1 and TOPRO (Life Technologies) was used as a nuclear counterstain. Images were acquired using a Zeiss LSM510 Meta laser scanning confocal microscope (Carl Zeiss, Thornwood, NY, USA) equipped with a × 63, 1.4 numerical aperture, Zeiss Plan Apochromat oil objective at 2.5 zoom and captured using the Zeiss LSM510 software.
RESULTS
Mutant U2AF1 (S34F) affects pre-mRNA splicing
We transfected primary human CD34+ hematopoietic cells with U2AF1 (either WT or the S34F mutant) and performed RNA-seq to comprehensively determine the effects of the S34F mutant on pre-mRNA splicing and gene expression. We isolated cells 24 h after transfection in order to identify immediate splicing changes induced by mutant U2AF1, while minimizing alterations that may occur with prolonged time in culture or as a consequence of secondary adaptations to altered splicing. Total reads of the raw sequence output ranged from 300 to 500 million per sample (Supplementary Figure S1A) . Unique reads mappable to the human transcriptome were similar across all samples except for one outlier (S34F sample in replicate R3), whose replicate was excluded from further analysis (Supplementary Figure S1B) . The distribution of mapped bases (coding, untranslated, intergenic, intronic and ribosomal bases) was similar for all the eight samples, with coding and untranslated comprising 60-80% of the bases (Supplementary Figure S1C) . As expected, reads mapped to U2AF1 exon 2 demonstrated a G4A substitution only in cells transfected with the mutant cDNA (Supplementary Figure S1D) . In these samples, mutant U2AF1 represented 85-97% of total U2AF1 expression, after normalizing for total mapped reads in each sample. Subsequent analyses capitalize on the paired experimental design (that is, the same pool of CD34+ cells transfected with either WT or mutant U2AF1, repeated in three biological replicates). The ratio of total U2AF1 expression (measured by FPKM) between mutant and WT samples were consistent across pairs (5.78, 2.49 and 3.66 for R1, R2 and R4, respectively).
Though unsupervised clustering using adjusted expression levels (see Supplementary Methods) of 17 390 genes segregated samples based on genotype (mutant vs WT samples; Supplementary Figure S2A ), lengths of dendrogram branches connecting samples within a genotype are similar to lengths of branches connecting samples of different genotypes. This indicates that the samples do not strongly cluster by genotype Mutant U2AF1 alters specificity of pre-mRNA splicing T Okeyo-Owuor et al and that there is no strong, acute, global, gene-level effect induced by U2AF1 (S34F). To focus on those relatively few genes that were affected by U2AF1 (S34F), we applied edgeR, a statistical approach based on total counts of reads mapped to a gene that incorporates the experiment's paired design for improved power. This revealed that 1296 genes were differentially expressed between paired WT U2AF1 and U2AF1 (S34F) samples (false discovery rate (FDR) o5%). Hierarchical clustering of these differentially expressed genes (supervised at the 5% FDR cutoff) segregated mutant and WT samples, as expected (Supplementary Figure S2B) . We next analyzed junction-level expression (using edgeR and total reads mapped to a junction) to assess the effect of U2AF1 (S34F) on global splicing activity. We discovered that mutant U2AF1 alters pre-mRNA splicing of expressed junctions in 6% (959/15 687, FDRo 5%) of genes ( Table S2 ). These expression differences involved known splice junctions (present in Ensembl, release 67), and novel junctions resulting from: (1) known splice acceptor and donor sites (novel junction involving a donor and acceptor that are individually present in Ensembl transcripts, but which have not been observed in combination), (2) known splice acceptor and novel (not present in Ensembl) splice donor sites, (3) novel splice acceptor and known splice donor sites, or (4) novel splice acceptor and donor sites (Supplementary Figure S3A) . Both the known and novel junctions reflected an increase or decrease in mRNA isoforms due to alternative splicing, including exon skipping, alternative 3′ or 5′ splice site usage and events that involved usage of both the alternative 5′ and 3′ splice sites (Supplementary Figure S3C ; Supplementary Table S2) . Next, we identified altered junctions differing by at least fourfold in mutant-vs WT-expressing samples. We discovered significant differences in the abundance of 544 out the 202 401 total junctions (FDR o 5%, |log 2 (fold change)|42) in cells expressing U2AF1 (S34F), compared with WT (known splice junctions (280/170 321; 0.16%); novel splice junctions (264/31 180; 0.85%)) (Figures 1a-d; Supplementary Table S2 ). Reads from novel junctions resulting from both novel acceptor and donor sites were not analyzed further.
We selected 24 junctions with higher expression (FDRo 5%; |log 2 Figure  S4D) . Ten of the validated changes were further tested in primary clinical samples (n = 6 MDS bone marrow samples with U2AF1 (S34F) vs n = 6 MDS controls with no U2AF1 splicing mutations) and five were confirmed, including junctions resulting from alternative splicing due to exon skipping in DEK and SMN1 and 3′ alternative site usage in SERPIN8B, KIAA1033 and IFI44 (Figures 2a and b and Supplementary Figures S4A and B, right panels) . As further independent validation of the 544 junctions, we assessed their differential expression between 6 S34(F/Y) U2AF1 mutant AML patient samples and 108 control AML samples in publically available TCGA RNA-seq data. 26 Other than the S34 variants in the 6 mutant samples, none of the samples had nucleotide mutations or copy number alternations in U2AF1 or any Table S3) . It has been shown previously that U2AF1 is not required for splicing of introns containing strong Py tracts, 27 but it is important for splicing of introns that contain short or weak Py tracts. 11, 28, 29 To determine whether there were sequence differences in the 3′ splice sites of junctions affected by U2AF1 (S34F), we analyzed sequences flanking (from − 20 to +3 bps) the 3′ AG dinucleotide (the binding site for U2AF1). We focused on exon skipping and alternative 3′ site usage events, as these represent the majority of dysregulated events (Supplementary Figure S3C ). An exonskipping event was defined as skipping of a single cassette exon (Figure 3a ). An alternative 3′ usage event resulted in partial loss of an exon due to skipping of the canonical junction and usage of a single alternative 3′ splice site down-stream of the canonical 3′ splice site (Figure 3b ). When we analyzed the 3′ splice sites of skipped exons, we found that there was a high frequency of U at position e-3 in exons that were skipped more by U2AF1 (S34F) compared with those skipped more in WT (S34F4WT: 81/111 (73%); WT4S34F: 10/68 (15%); P = 8.5 × 10 − 15 ; Figure 3a) , consistent with previously reported findings. 20, 30 The 3′ canonical junctions skipped more by U2AF1 (S34F) also had a higher frequency of U at position e-3 (S34F4WT: 64/101 (63%); WT4S34F: 22/101 (22%); P = 3.7 × 10 − 9
; Figure 3b , left panel) and resulted in increased 3′ alternative cryptic splice site usage, consistent with a recent report. 30 We then analyzed the 3′ alternative cryptic splice site to determine whether there was a sequence preference for the S34F mutant. As seen with skipped exons, there was a higher frequency of U at the e-3 position of the skipped junctions expressed more in U2AF1 (S34F) compared with WT (71/101 (70%); WT4S34F: 38/101 (38%); P = 5.2 × 10 − 6 ; Figure 3b , right panel). No other apparent differences in base preferences were noted in the Py tract preceding the 3′ AG dinucleotide of the skipped exons or junctions. As a control, we analyzed junctions that showed no evidence for differential expression by U2AF1 (S34F) (|log 2 (fold change)| o 0.001; Figure 3c ). We did not observe any differences in sequences at the 5′ splice site of skipped exons, or at 5′ sites of exons with alternative 5′ or 3′ splice sites (Supplementary Figure S3D and data not shown), consistent with the known activity of U2AF1 which is restricted to 3′ splice sites. Collectively, these data suggest that the 3′ splice sites that are more frequently skipped by U2AF1 (S34F) are enriched for U at e-3, while alternative sites utilized more frequently by the mutant are enriched for C at e-3. We examined junctions that were validated in patient samples and found that all validated junctions (5/5) had U at position e-3 at skipped junctions, suggesting that this consensus sequence enriches for true positive junctions that are preferentially skipped by U2AF1 (S34F) (Supplementary Table S4 ).
Mutant U2AF1 (S34F) alters the affinity of pre-mRNA to U2AF1 The enhanced exon skipping and alternative 3′ splice site usage seen with the U2AF1 (S34F) mutant could be due to altered binding of U2AF1 to canonical 3′ AG (acceptor sites). To explore this further, we compared the RNA affinities of WT and S34F-mutant U2AF1 for splice sites from a representative affected Figure 2 . Exon skipping and alternative splice site usage increased in U2AF1 (S34F) mutant samples. U2AF1 (S34F) caused increased exon skipping in (a) DEK and increased utilization of a 3′ alternative splice site in (b) SERPIN8B in transfected CD34+ cells (left panels) and primary MDS samples (right panels). Arrows indicate primers used for RT-PCR. Data in the left panels represent mean ± s.d. of three technical replicates, repeated in three biological replicates with similar results. **P o0.01, ***P o0.001.
Mutant U2AF1 alters specificity of pre-mRNA splicing T Okeyo-Owuor et al transcript, the DEK oncogene, where a U at position e-3 (that is, UAG) was skipped in favor of splicing into a CAG splice site. The DEK-'skipped' RNA oligo comprised the intron/exon region of the splice acceptor site of exon 3 (skipped by S34F mutant U2AF1), whereas the DEK-'spliced' RNA oligo comprised the downstream intron/exon 4 sequence that is preferentially spliced into by the mutant (Figure 4a ). To better emulate the context of the assembling spliceosome, we used ternary complexes of either WT U2AF1 (residues or the S34F mutant with accessory protein subunits for the early stage of 3′ splice site recognition: U2AF2 (residues 85-471 at the C-terminus) and SF1 (residues 1-255) (Figure 4b, Supplementary Figure S5A) . Both of the U2AF proteins were full length with the exception of the nonspecific RS domains. For SF1, a C-terminal proline-rich domain thought to interact with 5′ splice site subunits was truncated. The RNA oligos were fluorescein-labeled and the RNA affinities were determined from anisotropy changes during titration with the purified protein complexes (Supplementary Figure S5B) . Consistent with S34F-dependent skipping of the corresponding DEK splice site, the DEK-'skipped' RNA oligo bound less avidly to mutant U2AF1 (S34F) compared with WT ( Figure 4c ). The nearly identical binding of mutant or WT U2AF1 to the DEK-'spliced' RNA oligo also was consistent with the similar splicing of the downstream splice site in normal and mutant U2AF1 samples. Based on the preferential, S34F-dependent skipping of junctions with U at position e-3 and splicing of junctions with C at position e-3 in the presence of mutant U2AF1 (S34F), we next tested the RNA sequence discrimination of the WT and S34F mutant protein complexes for the C or U e-3 variants of the DEK splice sites (Figure 4a) . Alteration of the UAG in the skipped DEK sequence to CAG (DEK-'skipped'-CAG, Figure 4a ) increased the affinity for both the U2AF1 protein complexes and to a significantly greater extent for the S34F-mutant (twofold and ninefold higher affinity for the WT and S34F proteins, respectively) ( Figure 4c) . Conversely, alteration of the CAG in the downstream, spliced DEK sequence to UAG (DEK-'spliced'-UAG, Figure 4a ) decreased the affinity for both the U2AF1 protein complexes with a significantly greater penalty for the S34F mutant (factors of two and six affinity decrease for the WT and S34F proteins, respectively) (Figure 4c ). These data demonstrate that the S34F mutation alters the sequence specificity of the ternary U2AF1 complex in favor of binding splice sites comprising C at e-3 and discriminates against splice sites comprising U at the e-3 position.
Mutant U2AF1 (S34F) does not affect U2AF1 localization within nuclear speckles U2AF1 is diffusely distributed in the nucleoplasm and localizes within the nuclear speckles (sites of spliceosome assembly). 31, 32 Using fluorescence immunocytochemistry on U2AF1-Flag (WT or S34F) transfected 293T cells, we found that U2AF1 (S34F) localized normally (Supplementary Figure S6A) . Furthermore, U2AF1 (S34F) co-localized with U2AF2 and Smith Antigen family of snRNP proteins (Y12 antibody) in a similar pattern as WT (Supplementary Figure S6B) , suggesting that the altered splicing activity of U2AF1 (S34F) was not due to abnormal trafficking of the mutant protein.
Specific effects of U2AF1 mutations in alternative splicing Apart from the S34F substitution, there are 10 other reported somatic mutations in U2AF1 that may affect its function. As mutations at codons S34 and Q157 are the most common, we utilized GH1 and FMR1 minigenes 1, 25 to determine the effect of Figures S7C and D) . In cells expressing the S34F/Q157R double mutant (in which both the mutant S34F and Q157R occur on one allele, discovered in one patient with MDS 1 ), GH1 splicing was indistinguishable from WT ( Figure 5c) , and there was a modest reduction in the relative expression of the alternative isoform of FMR1 (Figure 5d ). Next, we examined the effects of different U2AF1 mutations on the splicing of endogenous DEK. Exon skipping in endogenous DEK was increased in 293T samples expressing S34F/Y, S34F/Q157R and Q157R mutants relative to WT (Figure 5e ). As observed with the GH1 and FMR1 minigenes, the S34F mutant caused the most robust increase in alternative isoform b expression. However, unlike the GH1 and FMR1 minigenes, expression of the Q157R mutant resulted in increased alternative isoform splicing compared with WT expressing cells for DEK. Interestingly, analysis of TCGA AML RNA-seq data demonstrated that junctions differentially expressed in a sample with Q157P mutant U2AF1 vs WT U2AF1 (|log 2 (fold change)|41) do not share the signature at flanking sequences (C4U at e-3) that we detected in junctions differentially spliced by S34F U2AF1 (FDR o 5%; Supplementary Figure S8 ). These results provide evidence that splicing is altered in a mutation-specific manner but variable between specific junctions tested, with the most potent effects caused by U2AF1 (S34F) mutant.
DISCUSSION
Recent discoveries of recurrent mutations in core components of the pre-mRNA splicing complex highlight the potential importance of these genes in MDS. In this study, we used RNA-seq to detect global changes in splicing activity and isoform expression and discovered differences in expression of known and novel splice junctions. Our study is the first to analyze the impact of a mutant splicing factor on the transcriptome in a controlled genetic background in primary human hematopoietic cells. A consistent signature has not been defined for genes whose splicing is clearly affected by U2AF1 (S34F). Published results are conflicting, with one study reporting~130 unspliced exons due to intron retention in mutant U2AF1-transfected HeLa cells 2 while another (utilizing patient samples with a spectrum of splicing mutations) found no evidence for genome-wide intron retention, although these mutations did perturb TET2 splicing. 6 Analysis of TCGA AML RNA-seq data revealed a predominance of exon skipping in 35 exons dysregulated by U2AF1 (S34F). 20 The affected genes were involved in mitosis and RNA processing. Our results include a substantially larger number of alternative splicing events that were impacted by U2AF1 (S34F). Of the 35 genes that had significant exon skipping or retention in the data set from Pryzchodzen et al., 20 only one gene (STRAP) overlaps with our results. When we validated the 544 junctions that were differentially expressed in our RNA-seq data with the TCGA RNAseq data, we found 10 genes that overlapped with our results, including STRAP and CCT6A. Although the DEK junction was not among these, the same DEK junction did have a P-value of 0.06 and concordant fold change in the TCGA data. Several characteristics of our experimental design may explain these largely nonoverlapping results, including: (1) the use of CD34+ cells that have less genetic heterogeneity, compared with primary patient samples, (2) use of paired samples (S34F vs WT), minimizing variability within biological replicates, and (3) differences in analytical approaches. We found a higher frequency of U at the e-3 nucleotide in 3′ splice junctions that were skipped more often in U2AF1 (S34F) samples, including both exon-skipping events and alternative 3′ splice site usage. These findings confirm previous observations related to exon skipping and alternative splice site usage. 20, 30 This implies that there is selective or altered U2AF1 (S34F) binding to pre-mRNA at these junctions, possibly resulting from an increased affinity of U2AF1 (S34F) for C over U, relative to WT U2AF1, which we corroborated experimentally by determining the affinities of purified U2AF2/U2AF1 (WT or S34F) heterodimers for the affected splice sites of a representative example, DEK. Consistent with the S34F-affected splice site junctions, the S34F mutation selectively inhibited binding of the mutant U2AF1 complexes to the DEK splice site variants comprising U at the e-3 position. Conversely, substitution with a C at this position significantly increased U2AF1 (S34F) binding.
Although it is not known which U2AF1 domain or domains directly bind RNA, the altered RNA binding affinity of the S34F mutant U2AF1 suggests that the ZnF domains are critical. The S34F mutation is in the first of these domains. In Schizosaccharomyces pombe, substitution of highly conserved cysteine residues (C18 and C149) to alanine of the ZnF domains results in lethality, and an RNA three-hybrid screen showed that these two ZnF domains are independently required for RNA binding of the U2AF heterodimer in yeast. 33 Furthermore, the U2AF1 ZnF domains are predicted to be structurally similar to the murine and human ZFP36 family (both CX8CX5CX3H zinc fingers), which are known to bind RNA, 34, 35 and our data suggest that the ZnF1 domain of U2AF1 may have this function. Rather than simply ablating function, the capacity of the S34F mutation to specifically discriminate between U and C at the e-3 position of the splice site junction implicates this residue in hydrogen bonds with the N3 or O4 positions of the pyrimidine base.
Although mutant U2AF1 alters pre-mRNA splicing, the overall change in the total number of known and novel junctions is minimal, affecting (at an FDRo 5%) o1% (1594/201 501) of expressed junctions in 6% of the analyzed genes. In addition, the proportion of isoforms induced by U2AF1 (S34F) expression is a small fraction of the total transcript for those genes. Collectively, these findings raise the possibility that disease pathogenesis induced by mutant U2AF1 may also be mediated through nonpre-mRNA splicing mechanisms that should be explored in future studies.
Finally, we discovered that the U2AF1 mutations affecting the S34 and Q157 amino acid positions have different effects on premRNA splicing using GH1 and FMR1 minigenes. We detected an increase in relative expression of the alternative isoforms for both minigenes with S34 mutants, and a decrease in relative expression of these isoforms with Q157 mutants relative to WT, indicating that these mutations affect U2AF1-dependent splicing function differently depending on their location and the reporter junctions being queried (S34; ZnF1 and Q157; ZnF2). In fact, when splicing of endogenous DEK was analyzed following the expression of U2AF1 (Q157R), a similar but less robust increase in alternative splicing was observed as seen with the expression of U2AF1 (S34F). Junction analysis of one Q157P sample in the TCGA AML RNA-seq data adds credence to these findings. The differentially expressed junctions in this Q157P sample did not share the same signature at flanking sequences that were detected in junctions differentially spliced by S34F U2AF1 (C4U at e-3). These results suggest that there are differences in alternative splicing induced by mutant S34F vs Q157R/P and highlight the need for an unbiased transcriptome analysis (RNA-seq) comparing the expression of U2AF1 S34F vs Q157R/P in order to elucidate the full extent of these similarities and differences. The splicing alterations detected with specific U2AF1 mutants may be shared by other splicing factors with recurrent mutations in myeloid neoplasms, such as SF3B1, ZRSR2, SRSF2 and SF1, and common changes could serve as novel therapeutic targets across these diseases. Identifying important potential target genes that are affected by U2AF1 mutants is necessary for further understanding of their role in MDS and other cancers.
